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ABSTRACT
We present results of a 150 MHz survey of a field centered on ǫ Eridani, undertaken
with the Giant Metrewave Radio Telescope (GMRT). The survey covers an area with
a diameter of ∼ 2◦, has a spatial resolution of ∼ 30′′ and a noise level of σ = 3.1 mJy
at the pointing centre. These observations provide a deeper and higher resolution view
of the 150 MHz radio sky than the 7C survey (although the 7C survey covers a much
larger area).
A total of 113 sources were detected, most are point-like, but 20 are extended. We
present an analysis of these sources, in conjunction with the NVSS (at 1.4 GHz) and
VLSS (at 74 MHz). This process allowed us to identify 5 Ultra Steep Spectrum (USS)
radio sources that are candidate high redshift radio galaxies (HzRGs). In addition, we
have derived the dN/dS distribution for these observations and compare our results
with other low frequency radio surveys.
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1 INTRODUCTION
Over the past 50 years many large radio surveys have taken
place, allowing us to build up an understanding of the evolu-
tion of the radio source population (see for example, Rowan-
Robinson et al. 1993). Various deep surveys have taken
place, but many have been at frequencies of 1.4 GHz and
higher (for obvious angular resolution reasons) and have
reached down to µJy levels (e.g. Hopkins et al. 1998; Huynh
et al. 2005). Probably, the most important result from these
surveys is the confirmation of the upturn in the Euclidean-
normalised differential source counts below ∼ 2 mJy (Wind-
horst et. al. 1985) which is believed to be due to a population
of sources that are not AGN (Condon 1989). The “normal”
population of radio sources (with flux densities larger than
a few mJy) can be explained by radio loud AGN which are
hosted in elliptical galaxies. Towards µJy flux levels the ra-
dio sources counts are increasingly dominated by other pop-
ulations, such as radio-quiet AGN, starbursts and late-type
galaxies (with their radio emission due to massive star for-
mation and associated supernovae).
At lower radio frequencies (below 1.4 GHz) the popula-
tion of radio sources is less explored, mostly due to the rel-
atively bright flux limits achieved at these frequencies. The
Westerbork Synthesis Radio Telescope (WSRT) has been
used for this purpose reaching a detection limit of ∼ 2.5 mJy
at 610 MHz, however this is not sufficiently deep to probe
the upturn in source counts (Valentijn 1980). The Giant Me-
trewave Radio Telescope (GMRT) located near Pune, India,
⋆ E-mail:samuel@star.sr.bham.ac.uk (SJG)
however, has the necessary capabilities (low frequency with
good sensitivity) and there have been a few deep surveys
using the GMRT at 610 MHz. Examples include Moss et al.
(2007), Garn et al. (2007), Bondi et al. (2007) and Garn et
al. (2008).
The 150 MHz sky is still less explored. Although the
GMRT is capable of observations at this frequency, there
have been relatively few results presented in the literature.
At 150 MHz the GMRT has a spatial resolution approaching
20′′ and a theoretical rms noise of around ∼ 1 mJy. This
compares favourably with the Cambridge 7C survey (Hales
et al. 2007), which had a resolution of 70× 70 csc δ arcsec2,
and a typical rms noise of around ∼ 20 mJy. Of course, the
7C survey covers a much larger area than is covered in this
survey, and the final 7C catalogue contains 43683 sources
over an area of 1.7 steradians. The 7C survey region does
not overlap with the field presented here.
A comparison of the point source sensitivities for a
range of low frequency surveys is illustrated in Fig. 1. The
point labelled “GMRT” is the survey presented here. Other
surveys included the various Cambridge surveys (6C, 7C,
8C) at 38 MHz (Rees 1990) and 151 MHz (Hales et al. 2007),
the XMM-LSS survey at 74 MHz and 325 MHz (Cohen
et al. 2003), The VLA Low-frequency Sky Survey (VLSS)
at 74 MHz (Cohen et al. 2007), The Westerbork Northern
Sky Survey (WENSS) at 325 MHz (Rengelink et al. 1997),
Molonglo Reference Catalogue (MRC) at 408 MHz (Large
et al. 1981), the Sydney University Molonglo Sky Survey
(SUMSS) at 843 MHz (Mauch et al. 2003) and the NVSS
and FIRST both at 1.4GHz (Condon et al. 1998, White et
al. 1997). We also show examples of what can be achieved
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in deeper smaller area surveys; the “GMRT 610 MHz” re-
fer to surveys such as Garn et al. (2007) and Moss et al.
(2007), which can achieve point source detections down to
around 0.3 mJy, and “Deep 1.4 GHz” refers to surveys such
as Huynh et al. (2005), with point source detections down
to ∼ 0.07 mJy.
We also show lines corresponding to sources with spec-
tral indices of α = 0.8 and α = 1.5, for a flux S ∝ ν−α
(which we shall adopt throughout this paper). We can see
from Fig. 1 that the point source sensitivity of this GMRT
survey is well matched to the NVSS. By comparing the
sources detected at 150 MHz with other surveys (such as
the NVSS at 1.4 GHz or the VLSS at 74 MHz) it is possi-
ble to identify sources with extreme spectral indices, which
are termed Ultra-Steep Spectrum (USS) sources. In turn,
these USS sources are candidates for being high-redshift ra-
dio galaxies (HzRGs).
Radio sources can be detected out to high redshift
(z > 5). Empirically, it appears that the majority of high
redshift radio sources tend to exhibit steeper radio spectra
(see for example, De Breuck et al. 2000; Miley & De Breuck
2008). The origin for this correlation is unclear. Part of it
may be due to a Malmquist bias, but it now seems likely
that the higher gas densities in the galaxy environments at
high redshift (constricting the development of radio bubbles
from such AGN) plays a role (see Miley & De Breuck 2008
for a discussion of this). Having identified candidate HzRGs
via their radio spectrum it is then necessary to identify the
galaxies in the optical/IR and subsequent determine the red-
shift. HzRGs seem to have a relatively small scatter in a plot
of K-band magnitude versus z, and they seem to be among
the most luminous galaxies at high redshift (De Breuck et
al. 2002). Apart from HzRGs there are a number of other
sources that exhibit steep spectral indices. These include,
but are not limited to, fossil radio galaxies, cluster halos or
pulsars (Parma et al. 2007, Manchester et al. 2005).
The primary science driver behind these observations
was to detect the magnetospheric radio emission from the
exoplanet orbiting ǫ Eridani. No detection was made, how-
ever, tight constraints on the possible radio emission were
determined and these results are summarised in George &
Stevens (2007). The wide field, good sensitivity and reason-
able spatial resolution of the GMRT 150 MHz observations
does give an excellent view of the radio sky. From these ob-
servations, we show that deep imaging with the GMRT at
150 MHz enables us to identify candidate high redshift radio
sources. Some relevant GMRT results at 150 MHz have been
published by Ishwara-Chandra & Marathe (2007), although
it is clear that this is still an under-exploited capability.
The observations and data analysis are described in Sec-
tion 2. We discuss the generation of the catalogue in Sec-
tion 3 and present an analysis of the radio source counts
at 150 MHz in Section 4. We then investigate the nature
of the sources, including spectral indices and identify the
candidate high redshift objects in Section 5. We conclude in
Section 6.
Figure 1. A comparison between the point source sensitivity of
the GMRT 150 MHz results presented here and other low fre-
quency radio surveys. To illustrate the respective point source
sensitivities of the surveys, the two lines are for spectral indices
of α = 0.8 (solid line) and α = 1.5 (dashed line), normalised
to the sensitivity of the GMRT 150 MHz observations presented
here. See text for a more detailed description of this diagram.
2 THE GMRT 150 MHZ OBSERVATIONS AND
DATA ANALYSIS
2.1 Observations
The radio observations discussed here were conducted with
the GMRT, during cycle 11 on 10 August 2006 and lasted
for a duration of 4.13h. The pointing centre was ǫ Eridani
(RA: 03h32m55s Dec: −09◦27′29′′). The central frequency of
the observation was 157.0 MHz and a bandwidth of 8 MHz
was used (split into 128 channels). For flux density calibra-
tion 3C48 was observed and for phase calibration purposes
0114–211 was used. The time on source in a single scan was
30 minutes before moving to the phase calibrator for 5 min-
utes. All reduction was performed with the Astronomical
Image Processing System (AIPS). The visibilities from each
baseline and channel were carefully inspected and edited
to remove interference, cross-talk between antennas, instru-
mental glitches and the poor-quality data recorded at the
beginning of each pointing was removed. The flux density
scale was set by an AIPS implementation of the Baars et al.
(1977) scale.
2.2 Imaging Strategy and Calibration
Wide-field mapping with a 5◦ diameter (close to the full
width of the beam) was performed over 121 facets, with the
phase of the data shifted to the tangent point at the centre
of each facet. This ensures that no point on any image is far
from the tangential pointing position, thus we minimise the
smearing of sources far from the phase tracking centre (due
to the breaking of the coplanar array assumption by using a
two-dimensional FFT to approximate the celestial sphere).
Imaging and deconvolution was performed using the AIPS
task IMAGR. The final 121 image facets used for analysis
were total intensity maps, with a final restoring beam (the
resolution) of 32.1′′ × 23.2′′. The central rms (σ) noise level
achieved was 3.12 mJy, though areas of higher rms noise
surround the sources (with a typical noise of around 5 mJy,
c© 2008 RAS, MNRAS 000, 1–12
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Figure 2. The 150 MHz image of the region surrounding ǫ Eridani. The field of view considered is around 2◦ in diameter, and the noise
level is relatively uniform with σ = 3.1 mJy. The grey-scale ranges between 0 and 500 mJy beam−1. For a list of the sources present see
Table 1.
rising for the very brightest sources) and near the edges of
the field. For a given flux level, we found a large number of
spurious sources in the outer regions and have focused in on
the central regions of the observation.
This noise level can be compared with the theoretical
thermal noise limit for the GMRT at 150 MHz, given by
σ =
√
2Ts
G
√
n(n− 1)NIF∆ντ
, (1)
where Ts is the telescope system temperature (615K), G is
the antenna gain (0.33 K Jy−1), n is the number of working
antennas (typically 27 during our observation), NIF (= 1) is
the number of sidebands, τ ∼ 104s is total time on source
and ∆ν = 5.6 MHz is the effective bandwidth for each side-
band after channel collapsing1 . The theoretical noise limit
of the GMRT is then ∼ 0.4 mJy/beam. Our observations
are a moderate factor above the theoretical limit. The rea-
1 http://www.gmrt.ncra.tifr.res.in
son for the limitation is probably due to radio frequency
interference during the observations (particularly low level
RFI), though limitations from the dynamic range also make
a contribution. The maps of the individual facets were com-
bined into a final mosaic using the AIPS task FLATN, with
no correction made for the degradation of the primary beam
sensitivity at this stage (any flux density corrections are con-
sidered later).
The final image is shown in Fig. 2. We will discuss the
source detection criteria in the following section.
As we are dealing with low-frequency observations, at-
mospheric refraction is likely to be an issue. In order to test
the positional accuracy of our sources we compared the posi-
tions of the 20 brightest objects with their 1.4 GHz counter-
parts in the NVSS. On average there was an offset of ∼ 52′′
between our extracted source positions and the location of
sources in the NVSS. We attribute this offset to refraction
in the Earth’s ionosphere. This corresponds to an offset of
−3.48s in RA and −5.35′′ in Dec and the listed positions in
the source catalogue (Table 1) are corrected for this offset.
c© 2008 RAS, MNRAS 000, 1–12
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Figure 3. A selection of extended objects in the survey, GMRTJ033103.8-085539, GMRTJ033152.9-100843, GMRTJ033125.8-092243,
with two clearly showing double-lobed features. The contours are at levels of 10, 15, 20, 50, 100 mJy respectively.
3 GENERATING THE SOURCE CATALOGUE
3.1 Source Extraction
The next stage is to construct a source catalogue for these
observations. Because this observation was a single pointing,
rather than a well constructed survey involving a series of
pointings to obtain a fairly uniform sensitivity over a wide
area, we have chosen to consider only the central region of
the observation.
Sources were only included within a 1.07◦ radius from
the pointing centre (out to the point that the primary beam
correction dropped to 20 per cent of its central value) and
allows us to avoid higher noise outer regions of the dataset.
A rms noise map of the survey area was constructed for use
within the source detection procedure. Sources are extracted
using the AIPS task SAD. SAD attempts to find all sources
in an image whose peak brightness is greater than a given
level and then by fitting Gaussian models to the image by
least squares method. During the detection process the rms
is found by simply looking up the coordinate of the com-
ponent in the rms noise map. In this region a conservative
peak brightness detection limit of 6σ (corresponding to a
flux limit of 18.6 mJy) was used to minimise the number of
noise spikes spuriously detected as sources. In the regions
around the brightest sources the detection was performed
separately using higher thresholds and visual inspection.
Within this region a total of 113 sources were found
above the 6σ threshold. Any extended sources for which
the Gaussian model used by SAD inadequately described
the data (i.e. sources with angular sizes greater than 90′′ or
showing some form of substructure upon visual inspection),
were inspected using the AIPS task TVSTAT. There were 9
sources that this procedure was used for, at least 2 of these
sources appear to be clear double-lobed sources. In Fig. 3
we present a small selection of these extended sources.
3.2 Resolution Effects
When analysing low signal-to-noise ratio detections, noise
spikes can easily cause Gaussian fitting routines (such as
SAD) to poorly fit the width of a source, giving inaccurate
measures of the flux density. To investigate this effect, we
plot the ratio between the flux density, S, and the peak
brightness, Bp, as a function of the peak brightness for all
the radio sources in the catalogue. Under the assumption
that the measurement of any source that has a flux density
less than the peak brightness is due to the effect of noise,
we use the distribution of the ratio to define a criterion for
a source to be considered resolved. This distribution is then
mirrored above the S/Bp = 1 value and can be seen in Fig. 4.
Any source within this envelope is considered as unresolved
and its peak brightness is taken as the best measure of its
c© 2008 RAS, MNRAS 000, 1–12
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Figure 4. The ratio of the flux density to peak brightness (S/Bp)
as a function of the peak brightness (Bp) for the 113 GMRT
sources. The solid lines indicate the upper and lower envelopes of
the flux ratio distribution used to define an unresolved source.
true flux density. The lower envelope contains 98% of the
sources with S < Bp. The upper envelope is characterised
by the equation
S
Bp
= 1 +
(
28
(Bp/σ)
)
. (2)
Using the above envelope a total of 20 sources (18%)
are considered to be adequately resolved and we take their
flux density as a measure of their true flux.
3.3 Flux Density Corrections
We must first consider the effect of bandwidth smearing on
our data. This is seen as a radial blurring of the source. The
flux density of a source is conserved but the peak bright-
ness is reduced and this effect is the result of many channels
of finite bandwidth being used in the interferometric inver-
sion, that assumes monochromatic radiation. To minimise
this effect we chose to avoid channel collapsing over a large
number of channels. The total bandwidth over all the chan-
nels was 8 MHz and so, to avoid this effect, we collapsed
our 128 channels (each of 62.5 kHz) to 11 channels (each of
687 kHz). This allows us to improve the noise while avoiding
the effect of bandwidth smearing.
Another important effect is time-delay smearing, due
to the rotation of source in the sky during the integration
used and this is avoided by taking short integrations. For
our observations we used an integration time of 8s.
Fig. 5 shows the ratio of measured peak brightness to
measured flux density of all the observed sources. If either
of the above mentioned smearing effects were important it
would be manifested in this plot by a clear relationship with
radial distance from the pointing centre (i.e. the phase track-
ing centre). We can confirm that neither case presents a sig-
nificant effect on the quality of our data by running a Pear-
son’s correlation test on the sources. The correlation test
Figure 5. The variation of the ratio of the flux density to peak
brightness (Bp/S) across the image for the 113 GMRT sources.
If significant bandwidth or time smearing was present then a re-
duction of Bp/S with distance from the pointing centre of the
observations would be seen, this is not the case.
gives a value of −0.10 suggesting that there is no significant
correlation. We do not consider these effects further.
Sources that are far from the pointing centre of the
observations could have their flux smeared out due to the
assumption of a coplanar array. The effect was minimised by
our imaging strategy of splitting the data into many smaller
facets.
Importantly, any interferometric observation is modu-
lated by the primary beam pattern of the array elements.
The flux densities of all objects were corrected for the GMRT
150 MHz primary beam response using an eighth-order poly-
nomial provided by Kantharia & Pramesh Rao (2001).
3.4 The GMRT 150 MHz Eridanus Field
Catalogue
These procedures have produced a final catalogue of 113
sources. The full source catalogue is given in Table 1 and
is presented in order of increasing RA. In this table the
columns are: (1) GMRT Source Name; (2) RA (J2000); (3)
Dec (J2000); (4) peak brightness, Bp in mJy beam
−1; (5)
flux density, S in mJy, for resolved sources; (6) 1σ error on
Bp for point sources or S for resolved sources; (7) angular
size (diameter) in arcsec (determined from the deconvolu-
tion of the clean beam by SAD, apart from 9 targets which
were extracted with TVSTAT tool and in these cases we
give the size as the line of greatest extent) for all sources
including those not resolved. The sources with parameters
determined by TVSTAT rather than SAD have an aster-
isk after the value; (8) the peak NVSS (1.4 GHz) flux (if
the GMRT source has a counterpart) (9) the peak VLSS
(74 MHz) flux.
c© 2008 RAS, MNRAS 000, 1–12
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Table 1. The complete GMRT 150 MHz source catalogue, listed in order of RA. GMRT Source Name, RA, Dec (J2000.0), peak
brightness, Bp, in mJy beam−1, flux density (only given for resolved sources), S in mJy, the 1σ, error on Bp for point sources or S for
those resolved, angular size in arcsec (see Section 3.4) and for the sources with NVSS(1.4 GHz)/VLSS(74 MHz) counterparts the peak
flux from these surveys. The * denotes that the source flux was determined by manual inspection using the AIPS task TVSTAT. See
text for further details of these parameters.
Source Name RA DEC Bp S σ θ NVSS VLSS
Peak Flux Peak Flux
(J2000) (J2000) (mJy beam−1) (mJy) (mJy) (arcsec) (mJy) (mJy)
GMRTJ032832.5-092649 03 28 32.55 –09 26 49.4 24.2 5.6 54.4
GMRTJ032851.6-094857 03 28 51.63 –09 48 57.2 20.4 5.4 63.4
GMRTJ032856.6-092809 03 28 56.68 –09 28 09.4 165.8 5.7 37.7 54.2
GMRTJ032915.1-090435 03 29 15.10 –09 04 35.5 120.3 185.8 13.0 51.0 35.5
GMRTJ032941.6-090614 03 29 41.60 –09 06 14.3 530.5 677.8 11.6 43.7 147.5 1130
GMRTJ032953.9-100254 03 29 53.93 –10 02 54.8 73.7 11.5 43.3 226.7
GMRTJ032955.4-091457 03 29 55.45 –09 14 57.5 68.0 5.7 40.2 9.2
GMRTJ033005.4-094855 03 30 05.41 –09 48 55.4 50.1 5.7 45.1 13.0
GMRTJ033016.9-091649 03 30 16.98 –09 16 49.0 26.9 5.7 36.3 2.5
GMRTJ033022.8-091233 03 30 22.84 –09 12 33.8 126.5 5.7 38.9 34.3
GMRTJ033037.0-094153 03 30 37.07 –09 41 53.7 64.1 10.0 39.9 6.1
GMRTJ033043.1-085236 03 30 43.16 –08 52 36.7 20.1 5.6 47.1 4.2
GMRTJ033049.8-092538 03 30 49.88 –09 25 38.7 123.5 11.3 42.6 42.1
GMRTJ033051.4-095140 03 30 51.44 –09 51 40.0 23.5 5.7 43.7 3.2
GMRTJ033055.5-100556 03 30 55.51 –10 05 56.6 27.1 5.7 39.7 14.7
GMRTJ033057.2-091847 03 30 57.22 –09 18 47.2 47.7 9.7 41.0 10.0
GMRTJ033057.5-094330 03 30 57.59 –09 43 30.5 94.0 5.7 41.3 18.1
GMRTJ033102.9-085535 03 31 02.97 –08 55 35.2 40.9 69.8 * 5.2 123.9 9.9†
GMRTJ033103.8-085539 03 31 03.85 –08 55 39.3 51.0 121.5 * 5.7 107.7 9.9†
GMRTJ033114.7-092245 03 31 14.77 –09 22 45.9 23.2 5.6 46.3 2.9
GMRTJ033125.8-092243 03 31 25.87 –09 22 43.7 217.5 484.7 * 5.7 157.6 89.8
GMRTJ033129.3-084116 03 31 29.37 –08 41 16.6 22.1 5.7 46.9 5.9
GMRTJ033134.7-093213 03 31 34.71 –09 32 13.3 111.2 5.7 36.9 41.5
GMRTJ033141.5-100639 03 31 41.55 –10 06 39.3 45.3 5.7 42.2 11.1
GMRTJ033143.7-091802 03 31 43.74 –09 18 02.7 67.9 9.2 36.4 22.6
GMRTJ033146.7-090235 03 31 46.75 –09 02 35.5 141.2 9.0 37.2 12.8
GMRTJ033146.8-102147 03 31 46.83 –10 21 47.2 26.4 5.7 38.4 5.5
GMRTJ033149.4-083344 03 31 49.35 –08 33 44.3 28.5 5.7 39.1 8.9
GMRTJ033151.5-085303 03 31 51.50 –08 53 03.4 20.5 5.7 49.8 2.1
GMRTJ033152.9-100843 03 31 52.97 –10 08 43.7 127.2 142.2 * 5.5 95.8 37.0 950
GMRTJ033154.3-082506 03 31 54.32 –08 25 06.7 20.0 5.4 60.7
GMRTJ033203.0-082817 03 32 03.08 –08 28 17.9 112.9 5.7 42.6 33.6
GMRTJ033205.1-082743 03 32 05.19 –08 27 43.6 22.1 5.6 59.1
GMRTJ033206.4-095810 03 32 06.41 –09 58 10.3 374.2 462.0 11.4 42.9 75.9 800
GMRTJ033209.1-083151 03 32 09.18 –08 31 51.8 171.1 437.4 5.4 84.2 91.5
GMRTJ033209.4-095929 03 32 09.43 –09 59 29.7 19.1 5.7 44.0 3.1
GMRTJ033210.3-091926 03 32 10.30 –09 19 26.1 20.5 5.7 40.0 5.6
GMRTJ033213.5-094923 03 32 13.59 –09 49 23.1 21.5 5.6 52.4
GMRTJ033215.3-085907 03 32 15.34 –08 59 07.2 19.0 5.7 47.9 108.7
GMRTJ033216.0-083940 03 32 16.06 –08 39 40.6 21.4 55.2 5.4 65.7 3.3
GMRTJ033218.6-084106 03 32 18.67 –08 41 06.3 57.8 5.7 43.6 18.9
GMRTJ033221.7-094548 03 32 21.70 –09 45 48.4 32.7 5.7 37.0 6.9
GMRTJ033228.4-083154 03 32 28.44 –08 31 54.2 48.2 5.7 36.4 8.9
GMRTJ033234.6-091403 03 32 34.62 –09 14 03.3 29.4 5.7 40.4 5.8
GMRTJ033237.6-082551 03 32 37.68 –08 25 51.6 30.2 85.1 5.5 54.0 7.2
GMRTJ033238.9-083552 03 32 38.91 –08 35 52.6 18.7 57.2 5.3 75.8
GMRTJ033241.2-084330 03 32 41.23 –08 43 30.4 92.3 5.6 49.4 34.9
GMRTJ033247.3-084553 03 32 47.33 –08 45 53.3 21.8 5.6 52.6
GMRTJ033255.3-084451 03 32 55.37 –08 44 51.4 19.7 5.7 47.8
GMRTJ033300.0-083915 03 33 00.00 –08 39 15.4 265.0 9.6 38.6 31.5
GMRTJ033305.3-094533 03 33 05.34 –09 45 33.6 34.8 5.6 47.7 5.5
GMRTJ033305.9-102345 03 33 05.99 –10 23 45.5 20.6 5.6 55.0
GMRTJ033310.0-095010 03 33 10.03 –09 50 10.1 57.0 5.7 47.7 23.7
GMRTJ033313.5-101302 03 33 13.52 –10 13 02.1 149.5 205.5 * 5.7 110.8 24.8
GMRTJ033313.6-083435 03 33 13.61 –08 34 35.9 19.7 5.6 50.1
GMRTJ033315.7-085548 03 33 15.79 –08 55 48.2 51.6 116.2 * 5.6 49.9
c© 2008 RAS, MNRAS 000, 1–12
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Table 1. - continued
Source Name RA DEC Bp S σ θ NVSS VLSS
Peak Flux Peak Flux
(J2000) (J2000) (mJy beam−1) (mJy) (mJy) (arcsec) (mJy) (mJy)
GMRTJ033316.6-085256 03 33 16.65 –08 52 56.5 25.3 5.7 46.5
GMRTJ033317.9-101015 03 33 17.96 –10 10 15.4 26.9 5.6 46.3 7.2
GMRTJ033318.2-085354 03 33 18.25 –08 53 54.6 20.8 5.7 33.0
GMRTJ033318.7-085227 03 33 18.72 –08 52 27.2 39.7 5.7 42.8
GMRTJ033320.6-085940 03 33 20.67 –08 59 40.0 19.1 5.5 53.0
GMRTJ033322.7-084803 03 33 22.73 –08 48 03.1 2810.0 2905.0 10.00 40.3 596.5 3990
GMRTJ033323.0-084220 03 33 23.03 –08 42 20.1 34.6 5.7 43.9
GMRTJ033324.8-082629 03 33 24.83 –08 26 29.1 24.8 5.4 61.8
GMRTJ033325.4-083618 03 33 25.49 –08 36 18.7 35.0 5.4 63.9
GMRTJ033326.6-084205 03 33 26.61 –08 42 05.9 56.4 10.0 39.1
GMRTJ033329.3-083121 03 33 29.32 –08 31 21.1 21.0 5.7 42.5
GMRTJ033332.1-083707 03 33 32.17 –08 37 07.5 20.6 5.7 39.8
GMRTJ033334.0-094904 03 33 34.09 –09 49 04.1 265.7 5.7 38.3 71.2
GMRTJ033335.1-102010 03 33 35.10 –10 20 10.3 111.5 5.7 36.6 21.2
GMRTJ033339.4-102555 03 33 39.44 –10 25 55.1 128.2 5.7 40.6 45.3
GMRTJ033341.0-091146 03 33 41.07 –09 11 46.0 55.6 5.7 38.6 30.2
GMRTJ033341.9-101657 03 33 41.90 –10 16 57.0 145.0 10.0 39.2 34.4
GMRTJ033343.8-102442 03 33 43.87 –10 24 42.9 32.6 5.6 46.0 7.9
GMRTJ033344.9-095157 03 33 44.96 –09 51 57.3 18.8 5.7 47.5
GMRTJ033347.3-082516 03 33 47.34 –08 25 16.7 23.1 5.4 80.1
GMRTJ033348.2-102144 03 33 48.25 –10 21 44.7 37.6 5.5 50.9 14.7
GMRTJ033358.7-093013 03 33 58.79 –09 30 13.1 1359.0 10.0 38.9 205.5 1970
GMRTJ033405.6-090713 03 34 05.65 –09 07 13.2 146.5 9.4 38.0 26.7
GMRTJ033406.2-084425 03 34 06.20 –08 44 25.8 30.7 5.7 41.7 7.7
GMRTJ033411.4-091323 03 34 11.48 –09 13 23.5 21.1 5.7 42.9 2.7
GMRTJ033412.9-085353 03 34 12.97 –08 53 53.1 20.8 5.5 56.1 5.3
GMRTJ033422.4-095133 03 34 22.48 –09 51 33.4 19.1 5.6 47.2 7.6
GMRTJ033423.1-090733 03 34 23.16 –09 07 33.7 19.8 5.5 66.4
GMRTJ033436.9-091515 03 34 36.98 –09 15 15.7 43.4 5.7 39.9 7.0
GMRTJ033438.3-095125 03 34 38.26 –09 51 25.3 125.8 5.6 45.1 25.8
GMRTJ033445.7-100132 03 34 45.70 –10 01 32.7 19.6 6.0 51.9 2.2
GMRTJ033449.7-095033 03 34 49.71 –09 50 33.7 118.1 6.0 47.1 46.7
GMRTJ033451.9-090239 03 34 51.99 –09 02 39.7 286.3 10.3 40.8 29.4
GMRTJ033455.7-100127 03 34 55.77 –10 01 27.5 29.1 5.7 44.7 5.1
GMRTJ033501.8-090821 03 35 01.84 –09 08 21.7 21.0 5.5 49.9 4.8
GMRTJ033503.0-092629 03 35 03.00 –09 26 29.9 137.1 127.5 * 9.6 105.6 25.5
GMRTJ033511.5-083502 03 35 11.55 –08 35 02.6 19.2 154.6 5.2 125.6
GMRTJ033514.3-095502 03 35 14.35 –09 55 02.8 22.2 5.7 34.3 4.1
GMRTJ033518.1-095050 03 35 18.18 –09 50 50.7 20.0 5.5 54.8
GMRTJ033518.9-100638 03 35 18.91 –10 06 38.3 153.1 5.6 45.0 58.1
GMRTJ033520.1-091211 03 35 20.19 –09 12 11.9 32.0 95.6 5.3 95.5 16.3
GMRTJ033521.1-101832 03 35 21.15 –10 18 32.6 19.4 5.5 54.5
GMRTJ033529.0-090706 03 35 29.01 –09 07 06.6 18.7 5.7 43.3
GMRTJ033540.4-093452 03 35 40.47 –09 34 52.9 65.2 5.7 41.1 14.2
GMRTJ033542.9-100740 03 35 42.96 –10 07 40.4 20.8 5.5 50.5 4.9
GMRTJ033543.8-092829 03 35 43.81 –09 28 29.3 182.5 5.7 40.0 33.5
GMRTJ033559.1-100610 03 35 59.12 –10 06 10.8 20.4 5.4 71.3
GMRTJ033600.2-085417 03 36 00.24 –08 54 17.9 32.8 5.7 37.9 8.7
GMRTJ033620.6-091844 03 36 20.60 –09 18 44.6 18.9 5.5 51.5
GMRTJ033626.4-091345 03 36 26.49 –09 13 45.6 217.0 469.4 * 5.7 38.9 29.7
GMRTJ033633.9-085921 03 36 33.98 –08 59 21.1 19.3 5.7 41.4 3.7
GMRTJ033637.7-091907 03 36 37.78 –09 19 07.5 98.7 196.3 * 9.7 136.6 16.1
GMRTJ033639.0-092343 03 36 39.04 –09 23 43.3 39.2 5.7 39.2 6.2
GMRTJ033642.4-092228 03 36 42.46 –09 22 28.3 29.3 5.7 43.4 8.3
GMRTJ033644.7-095021 03 36 44.71 –09 50 21.1 23.4 5.7 44.0
GMRTJ033648.7-094602 03 36 48.70 –09 46 02.0 21.0 21.0 5.2 105.7
GMRTJ033701.7-092958 03 37 01.70 –09 29 58.7 104.4 9.6 38.1 15.7
† These sources appear to be distinct objects in the GMRT observations but appear as one unresolved source in the NVSS.
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4 SOURCE COUNTS
The 1.4 GHz source counts have been heavily studied (for
example, Windhorst et al. 1985; Hopkins et al. 1998) and
show a flattening of the Euclidean-normalised counts below
∼ 1 mJy. At 610 MHz this effect is also seen (for example,
Moss et al. 2007; Garn et al. 2007, 2008).
For a source with a spectral index of α = 0.8 (with
S ∝ ν−α), a 1 mJy source at 1.4 GHz, corresponds to a
6 mJy source at 150 MHz. Consequently, these 150 MHz
observations do not reach into this ‘sub-mJy’ regime, so we
cannot investigate this population at 150 MHz.
4.1 Completeness
Two issues need to be considered when interpreting the mea-
sured source count distribution.
The first is Eddington bias, where random measurement
errors result in more objects being boosted into a given bin
of flux density from the one below than are removed from
that bin by having a measurement flux density lower than
the value (provided that the source counts have the correct
sign of slope).
We derive radio source counts using only sources with
flux densities greater than 18.6 mJy. This allows us to min-
imise the effect of the Eddington bias in the lowest flux den-
sity bin. Also, at 610 MHz, Moss et al. (2007) found that this
only effected their faintest flux density bin, increasing it by
approximately 20%. Since we have comparatively low source
counts in our smallest bin we choose to make no correction
for this effect.
The second effect is the incompleteness to extended
sources, a so-called resolution bias. This correction accounts
for the fact that extended objects with peak brightnesses be-
low the survey limit, but flux densities above this limit would
not be detected by our source detection procedure. This can
be estimated with knowledge of the true source angular size
distribution as a function of flux density. At 1.4 GHz Wind-
horst et al. (1990) assume an exponential form for the in-
tegral angular size distribution. This is not necessarily the
case at low frequencies and there is also discussion that this
is not the correct form to take even at 1.4 GHz (Bondi et
al. 2003). Little is known about the angular size distribution
of mJy sources at low frequencies, due to the poor angular
resolution that can be achieved at low frequencies. GMRT
150 MHz observations currently represent the highest spa-
tial resolution that can be achieved at such low frequencies.
Moss et al. (2007) use the Bondi et al. (2003) formulation to
estimate that they will miss approximately 3% of the sources
due to the resolution bias at 610 MHz. Here, we expect to
miss a negligible number of extended objects.
To illustrate this, in Fig. 6 we divide the sources up
into 4 flux bins and plot the median source size (θmed) at a
given flux density. The error bars on the median represent
the 35% and 65% levels within each flux bin (see Oort 1988).
The correlation is relatively flat, with a gradient of −0.037.
Further to this, Fig. 7 shows that the shape of the angular
size distribution (in the same flux bins) is always strongly
peaked around the median angular size, regardless of the
flux range. Thus, we choose to make no correction for the
resolution bias. It is also important to stress that, due to
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Figure 6. The median size versus flux for the GMRT sources.
The 113 sources are binned into 4 bins. The median size is nearly
independent of flux, the best fit (which is shown) has a gradient
of −0.037. The y-error bars are given at the 35% and 65% angular
size. The x-error bars are the radial widths of the flux bins.
our poor resolution, it is easy to overestimate the median
angular size.
4.2 Differential Source Counts
We have constructed sources counts by binning our sources
by their integrated flux density, with bins of 0.3 dex in width.
The lower limit was selected as the 6σ limit.
The area over which a source of a given flux density
can be detected, also known as the visibility area, depends
on the source peak flux density and the homogeneity of the
noise distribution. The rms noise in our image is 3.1 mJy at
the centre and is a function of the primary beam response
with it increasing towards the edges of the field, of course
local variation caused by bright sources also increase the
noise. When calculating the source counts we correct for
this factor by determining what fraction over the map the
source can be detected.
The source counts were corrected for the fraction of the
image over which they could be detected, taking into account
the increase in noise near bright source, and other biases (as
described above). The differential source count dN/dS was
calculated by dividing N , the number in each bin, by A∆S,
where A is the total area of the image in steradians, and ∆S
is the width of the flux bin in Jy, i.e.
dN
dS
=
N
A∆S
. (3)
Table 2 gives the flux bin, the mean flux density of
the source in each bin, the number of sources, the corrected
number of, dN/dS and dN/dS normalised by 〈S〉2.5 (the
midpoint in the flux bin), which is the value that is ex-
pected from a static Euclidean Universe. A plot of the dif-
ferential sources counts can be seen in Fig. 8 and shows, as
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Figure 7. The angular size distribution of the GMRT sources. The 113 sources have been divided into 4 flux bins with roughly equal
number of sources, with the flux range listed in each panel. The low resolution of the survey means that the angular size distribution is
peaked around the median angular size.
expected, a decrease of the differential source counts with
increasing flux. For the case of a Euclidean Universe a plot
of the normalised differential source counts can be found in
Fig. 9 (and see Table 2). This shows a steady increase in the
source counts as flux increases. The general trend in both of
these plots is similar to that seen at higher frequencies (e.g.
at 610 MHz Garn et al. 2007).
5 COMPARISONS WITH OTHER RADIO
SURVEYS: SPECTRA INDICES
As described in Section 2, we have used the NVSS survey
(Condon et al. 1998) to determine and correct any positional
offset for the brightest objects in this GMRT survey. Both
the NVSS and the VLSS can be used to determine spectral
information for our sources. The main purpose of this is to
identify sources with unusual spectral indices, particularly
those with steep spectra indices, which are candidate high
redshift objects. We shall determine spectral indices between
150 MHz and 1.4 GHz (α1400150 ) and also between 74 MHz and
150 GHz (α15074 ).
5.1 The NVSS Survey (1.4 GHz)
The National Radio Astronomy Observatory (NRAO) Very
Large Array (VLA) telescope sky survey (NVSS) covers the
sky with δ > −40 degrees, at a frequency of 1.4 GHz, a
spatial resolution of 45′′ and a limiting source brightness of
about 2.5 mJy beam−1 (Condon et al. 1998). The NVSS has
a broadly comparable sensitivity to the GMRT observations
presented here. For example, for α = 0.8, a source just de-
tected by the GMRT will also be just detected in the NVSS.
However, for steeper spectrum sources, with α > 1, this may
not be the case.
We can envisage three different permutations. Firstly, a
source is detected with the GMRT and is also in the NVSS,
second, a source is detected with the GMRT but is not in
the NVSS, and third that the source is not detected with
the GMRT but is in the NVSS. We will discuss sources in
each of the three categories below.
There are a total of 227 NVSS sources within the GMRT
survey area. The majority are relatively faint, with only 45%
of the NVSS sources having a flux > 5 mJy, and 16% with
a flux > 20 mJy.
We have already used the brightest 20 sources in NVSS
and GMRT to correct the positions of the GMRT sources.
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Table 2. Tabulated 150 MHz differential source counts from this survey. The columns show bin flux limits, the bin centre, number of
sources, the corrected number of sources and Euclidean-normalised dN/dS.
Flux Bin 〈S〉 N Nc dNc/dS dNc/dS 〈S〉2.5
(mJy) (mJy) (sr−1Jy−1) (sr−1Jy1.5)
18.7 – 26.4 22.6 42 98.8 4.20± 0.65× 106 2.69± 0.42 × 102
26.4 – 37.4 31.4 14 32.9 9.91± 2.65× 105 1.60± 0.43 × 101
37.4 – 52.8 44.4 8 11.4 2.43± 0.86× 105 9.25± 3.27 × 101
52.8 – 74.5 62.7 12 14.1 2.12± 0.61× 105 1.98± 0.57 × 102
74.5 – 105.3 88.6 5 5.2 5.53± 2.47× 104 1.38± 0.62 × 102
105.3 – 148.7 125.1 15 15.1 1.14± 0.30× 105 6.32± 1.63 × 102
148.7 – 210.0 176.7 7 7.0 3.76± 1.42× 104 4.73± 1.79 × 102
210.0 – 296.7 249.6 3 3.0 1.14± 0.66× 104 3.76± 2.17 × 102
296.7 – 419.1 352.6 0 0 0.00 0.00
419.1 – 592.0 498.1 4 4.0 7.60± 3.80× 103 9.11± 4.56 × 102
592.0 – 836.2 703.6 1 1.0 1.35± 1.35× 103 3.46± 3.46 × 102
836.2 – 4702.3 1982.9 2 2.0 2.69± 1.90× 103 9.36± 6.62 × 103
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Figure 8. The differential sources counts (dN/dS) at 150 MHz
from our survey, this shows good agreement with the differential
sources counts seen at higher frequencies (e.g. Garn et al 2007).
The x-error bars are determined by the width of the flux bins.
The fit shown is a power-law with a slope of −1.61.
Due to the resolution of our observations, if the sources are
within 30′′ of the GMRT positions then we consider them
to be associated.
According to the possibilities listed above, we have the
following:
(i) There 81 matches between the GMRT and NVSS
sources lists. The spectral index distribution of these sources
is discussed in the following section. Unsurprisingly, all of
the brightest GMRT sources are also detected in the NVSS.
(ii) There are 32 GMRT sources that are not detected
in the NVSS. The brightest GMRT source that is not de-
tected in the NVSS has a 150 MHz flux of 56.4 mJy. Some
of these sources are possible USS sources. Assuming that a
non-detection with the NVSS corresponds to a 1.4 GHz flux
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Figure 9. Differential sources counts at 150 MHz, normalised
by the value expected in a static Euclidean universe. A steady
decrease in the source counts is seen as we approach lower flux.
The x-error bars are determined by the width of the flux bins.
The fit shown is a power-law with a slope of 0.72.
upper limit of 2.5 mJy, a GMRT flux of 56.4 mJy corre-
sponds to α1400150 > 1.42, implying a steep spectrum source.
We will discuss these sources more in the following section.
(iii) There are 114 NVSS sources with no GMRT coun-
terparts. These are mostly faint sources, with an NVSS flux
< 10 mJy. The brightest NVSS source that is not detected
by the GMRT has a flux of 50.3 mJy, implying a spectral in-
dex of α < −0.47. Such a value is well within the bounds of
spectral indices other surveys (see for example the compari-
son between observations at 610 MHz and 1.4 GHz presented
by Garn et al. 2007).
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5.2 The VLSS Survey (74 MHz)
The VLA Low-Frequency Sky Survey (VLSS, see Cohen et
al. 2007) is a 74 MHz continuum survey covering the en-
tire sky north of −30◦ declination. It uses the VLA in BnA
and B-configurations and has mapped the entire survey re-
gion at a resolution of 80′′ and with an average rms noise of
0.1 Jy beam−1 (Helmboldt et al. 2008). The typical source
detection limit for the VLSS is around 700 mJy. For a spec-
tral index of α = 0.8, this VLSS flux limit corresponds to a
150 MHz flux of 400 mJy. This indicates that only a small
fraction of the GMRT sources will be detected by the VLSS.
There are only 6 VLSS sources within the region of
the GMRT survey. Of these, 5 are detected by the GMRT
(and also in the NVSS) and are identified in Table 1, and
they correspond to the brightest GMRT sources. One of
these sources (GMRTJ033152.9–100843), detected with the
GMRT and VLSS, seems to have a steep spectrum, with
α15074 = 2.5 (Fig. 11).
In addition, one VLSS source (VLSS033315.89-
085119.9) is detected in the VLSS, but not by the GMRT
(nor the NVSS). This source has a 74 MHz flux density
of 0.970 Jy. The non-detection with the GMRT suggests a
spectral index of α15074 > 5.2, implying a very steep spec-
trum source. It is worth noting though that there is a bright
source close by and the background noise level is much
higher around this object in the GMRT data.
We identify these two objects also as USS sources and
candidate HzRGs, and we will discuss these sources in the
following section.
5.3 Spectral Indices
We are able to match 81 objects between our catalogue and
the NVSS. In addition, we can place constraints on those
sources that are detected with the GMRT but are not in the
NVSS. Because we are focusing on steep spectrum sources
we will not consider those sources in the NVSS that are not
detected by the GMRT.
The spectral index distribution of the matched sources
from the NVSS survey can be found in Fig. 10. The distri-
bution has a median of 0.66.
5.4 Candidate USS Sources
We define USS sources as those having a spectral index
α > 1.25, either in the spectral range between 74 MHz and
150 MHz or that between 150 MHz and 1.4 GHz.
Any GMRT source with a 150 MHz flux exceeding
38.5 mJy that is not detected in the NVSS is deemed a can-
didate USS. A total of 3 sources fall in this category. One
source is detected in the VLSS but not with the GMRT and
fulfils the criteria. One of the sources, GMRTJ033152.9, is
detected in all 3 surveys and shows a steep spectrum be-
tween 74 MHz and 150 MHz (see Table 1).
Consequently, we can identify a total of 5 candidate USS
sources, which are listed in Table 3. These objects will be
the subject of follow-up observations in a subsequent paper.
As discussed in the introduction, a steep radio spectral in-
dex does not automatically imply a high redshift object and
follow-up observations are necessary to confirm the nature
of these sources.
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Figure 10. Radio spectral index α between 150 MHz and
1.4 GHz, for sources in the NVSS catalogue and our source cata-
logue.
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Figure 11. The spectral indices for the 5 sources detected in
the NVSS, VLSS and the GMRT, showing one object with an
extreme spectral index between 74 MHz and 150 MHz (shown in
the figure with a rectangular point)
6 SUMMARY
We have presented the results of a deep 150 MHz low fre-
quency radio map covering an area with a diameter of > 2◦
in the region around ǫ Eridani, and described the production
of a catalogue of 113 sources. The radio spectral index analy-
sis of the sources in the field made use of the NVSS (1.4 GHz)
and VLSS (74 MHz). Between this 150 MHz dataset and the
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Table 3. Candidate USS sources. These are sources with a spectral index α > 1.25 in either the range 74–150 MHz or 150–1400 MHz.
Name RA Dec α150
74
α1400
150
Surveys / Detections
(J2000) (J2000)
GMRTJ033152.9–100843 03 31 52.97 –10 08 43.7 2.5 0.8 VLSS
√
, GMRT
√
, NVSS
√
GMRTJ033318.7–085227 03 33 18.72 –08 52 27.2 – > 1.26 VLSS ×, GMRT √, NVSS ×
GMRTJ033216.0-083940 03 32 16.06 –08 39 40.6 – > 1.26 VLSS ×, GMRT √, NVSS ×
GMRTJ033326.8–084205 03 33 26.61 –08 42 05.9 – > 1.42 VLSS ×, GMRT √, NVSS ×
VLSSJ033315.8-085119 03 33 15.89 –08 51 19.9 > 5.2 – VLSS
√
, GMRT ×, NVSS ×
NVSS we have made reliable identifications with the NVSS
of 81 objects.
We have calculated the 150 MHz source flux distribu-
tion and find it to be broadly comparable to that at other
wavelengths.
We have made use of these observations, in conjunc-
tion with the NVSS and VLSS to identify a number of
USS sources. These observations have shown that GMRT
150 MHz observations would can be effectively used to
search for USS sources. Of course LOFAR, when fully on-
line, will be considerably more effective at finding such
sources than the GMRT.
These GMRT 150 MHz observations are clearly capable
of detecting USS sources, and we are in the process of fol-
lowing up some of the HzRG candidates. It is also clear that
a well designed 150 MHz survey, in conjunction with obser-
vations at higher frequencies, could be powerful in detecting
high redshift objects.
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